Spontaneous Rayleigh-Brillouin scattering experiments in air, N 2 and O 2 have been performed for a wide range of temperatures and pressures at a wavelength of 403 nm and at a 90 degrees scattering angle. Measurements of the Rayleigh-Brillouin spectral scattering profile were conducted at high signal-to-noise ratio for all three species, yielding high-quality spectra unambiguously showing the small differences between scattering in air, and its constituents N 2 and O 2 . Comparison of the experimental spectra with calculations using the Tenti S6 model, developed in 1970s based on linearized kinetic equations for molecular gases, demonstrates that this model is valid to high accuracy for N 2 and O 2 , as well as for air. After previous measurements performed at 366 nm, the Tenti S6 model is here verified for a second wavelength of 403 nm, and for the pressuretemperature parameter space covered in the present study (250 -340 K and 0.6 -3 bar). In the application of the Tenti S6 model, based on the transport coefficients of the gases, such as thermal conductivity κ, internal specific heat capacity c int and shear viscosity η as well as their temperature dependencies taken as inputs, values for the more elusive bulk viscosity η b for the gases are derived by optimizing the model to the measurements. It is verified that the bulk viscosity parameters obtained from previous experiments at 366 nm, are valid for wavelengths of 403 nm. Also for air, which is treated as a single-component gas with effective gas transport coefficients, the Tenti S6 treatment is validated for 403 nm as for the previously used wavelength of 366 nm, yielding an accurate model description of the scattering profiles for a range of temperatures and pressures, including those of relevance for atmospheric studies. It is concluded that the Tenti S6 model, further verified in the present study, is applicable to LIDAR applications for exploring the wind velocity and the temperature profile distributions of the Earth's atmosphere. Based on the present findings at 90
I. INTRODUCTION
Knowledge of light scattering in gases dates back to the 19th century, when Lord Rayleigh (John William Strutt) explained that the blue sky was due to the scattering of sun light by gas molecules with diameters much less than the wavelength of the light 1 . Using Maxwell's formalism of electromagnetism, Rayleigh successfully derived the scattering cross section as a function of the index of refraction of the gas and exhibiting the characteristic λ −4 behavior. Under the assumption of no collisions, molecular velocities follow a Maxwellian distribution and the spectral scattering profile exhibits a Gaussian line shape, produced from Doppler shifts associated with the molecular velocity distribution. In denser gases collisions occur between molecules, and Brillouin doublet peaks, Stokes and anti-Stokes shifted by the frequency of the acoustic waves, are formed and mix with the pure Rayleigh peak producing a complex Rayleigh-Brillouin (RB) scattering profile. According to Yip and Nelkin's work 2 , this spectral profile corresponds to the space-time Fourier-transform of the density-density correlation function G(r, t). For compressed gases in the hydrodynamic regime, where many-body collisions frequently happen, a) w.m.g.ubachs@vu.nl G(r, t) is represented as an ensemble average of density correlations 3 . For diluted gases in the kinetic regime, where mainly two-body collisions occur, G(r, t) is connected to the phase-space distribution function f (r, v, t) in the Boltzmann equation 4 . Therefore, the calculation of the spectral scattering profile of gases in the kinetic regime requires solving the Boltzmann equation. In view of the mathematical difficulty in computing the collision integrals in the Boltzmann equation, kinetic models were developed to linearize it by assuming that only small deviations from equilibrium in the gaseous medium pertain 5, 6 . The Tenti S6 model 6 , describing the collision integrals in 6 basis functions with their coefficients represented by the values of the macroscopic transport coefficients, such as thermal conductivity κ, shear viscosity η, bulk viscosity η b , as well as the internal specific heat capacity per molecule c int , has proven to be the most accurate model to represent the RB-scattering profile in the kinetic regime 7, 8 . Furthermore, although this model is developed for gases in the kinetic regime, it is proven to be accurate in the hydrodynamic regime as well 9 . Since the Tenti S6 model is mathematically involved, simpler analytical models consisting of 3 Gaussian 10 or 3 pseudoVoigt functions 11 have been proposed, aiming to provide fast and simple representations of RB scattering spectra for remote sensing applications of the atmosphere. In any case the models must be validated against experi-ment, which is the purpose of the present study.
Experiments on RB spectral scattering profiles started in the 1960s, immediately after the invention of the laser as a source of narrow bandwidth radiation. Brillouin doublet peaks, frequency-shifted from the central elastic Rayleigh peak, were detected both in liquids and solids 12, 13 , as well as in gases 14 . Subsequently, a number of studies were performed in molecular hydrogen 15 , molecular nitrogen 16 , various polyatomic gases 17 , and in noble gases 8 , and compared with numerical models for the hydrodynamic regime 3 and for the kinetic regime 5, 6 . The latter studies led to the conclusion that the Tenti S6 model is the most successful approach in describing RB-scattering over a wide range of conditions 18 . Later, the research on RB scattering attracted less interest, until this century, when a new research technique known as coherent Rayleigh-Brillouin scattering (CRBS) was developed 19, 20 . Unlike the classical or spontaneous RBapproach, where the gas density fluctuations are spontaneously generated due to random thermal motion, this coherent method uses two laser pulses to drive the fluctuations. After adding a term in the Boltzmann equation for the induced optical dipole force, kinetic models such as the S6 model can be used for describing the coherent RB scattering profiles 20, 21 . The CRBS techniques were recently extended for measuring the temperature of a flame 22 and for monitoring ∼ 1 nm nano-particles in bulk gases or weakly ionized plasmas 23 . Renewed research on spontaneous RB scattering is driven by the possible applications of LIDAR (light detection and ranging) techniques to obtain the wind speed distributions in the Earth's atmosphere, such as will be pursued by the ADM-Aeolus mission of the European Space Agency (ESA) [24] [25] [26] , for the temperature LIDAR experiments currently performed by German Aerospace Center (DLR) 27 , as well as for aerosol LIDAR 28 . Experimental measurements on RB scattering profiles of molecular gases, particularly of air as a gas mixture, are required to the highest possible signal-to-noise ratio to test the accuracy of the S6 model, which is proposed to be used in retrieval algorithms of LIDAR applications. Previous studies have proven that the Tenti S6 model is accurate to the 2% level for a number of molecules, temperatures and pressures, at a wavelength of 366 nm, and for values of the bulk viscosity η b to be used in the S6 model as derived from RB-scattering experiments [29] [30] [31] .
The bulk viscosity is in principle a frequency or wavelength-dependent parameter, as has become evident from strongly varying values obtained from acoustic and optical measurements 32, 33 . While the main purpose of the present study is to collect RB-scattering data for N 2 , O 2 and air for atmospheric pressure and temperature conditions, values for the bulk viscosity will be derived for the additional wavelength 403 nm, where 366 nm was used in a previous study measuring RB-scattering in air 31 and in N 2 30 . This is the reason why measurements are performed at elevated pressures up to 3 bar, under which conditions the Brillouin side peaks become more pronounced in the spectral profiles and a reasonably accurate determination of the bulk viscosity parameter η b is feasible. These values are of crucial importance for future modeling of RB-profiles under conditions of atmospheric LIDARS. The present accurate measurements of RB-scattering in N 2 , O 2 and air allow for a detailed comparison of the spectral profiles addressing the question whether air may be treated as a mono-molecular species as is done in the Tenti-framework.
II. THEORETICAL MODELS
Light scattering is a result of fluctuations in a medium through which it propagates: in a completely homogeneous medium only forward scattering exists. The RB scattering phenomenon can be described by the elements of the dielectric tensor, representing fluctuations in thermodynamic quantities 34 :
with the first term being the density fluctuations at constant temperature T and second term the temperature fluctuations at constant density ρ.
Since scattering due to the temperature fluctuations of gases, corresponding to the second term in Eq. (1), contributes only for ∼ 2% 35 , this term is usually ignored. Furthermore, the entropy s and pressure p may be chosen to be independent thermodynamic variables representing the density fluctuations, thus yielding:
The first term of Eq. (2), describing pressure fluctuations also known as acoustic waves, results in Brillouin scattering, while the second term describing entropy fluctuations, causes the Rayleigh scattering 34 . For gases in the kinetic regime, where two-body collisions dominate, the Boltzmann equation is adequate to describe the density fluctuations. Since the collision integral of the Boltzmann equation is difficult to compute, models of RB scattering in molecular gases based on the linearized Wang-Chang-Uhlenbeck equation 36 , a modified version of the Boltzmann equation for molecular gases, have been developed. In these models the Boltzmann equation is cast into seven 5 or six 6 matrix elements (now regarded as the S7 or S6 model, respectively), which are directly related to the macroscopic transport coefficients, namely the shear viscosity η, the thermal conductivity κ, the bulk viscosity η b , as well as the internal specific heat capacity per molecule c int . Therefore, based on experimental knowledge of these coefficients at specific temperatures and pressures, and inserting the molecular mass of the gas constituents, RB scattering profiles can be calculated by the S6 or S7 models.
In this framework air has been successfully treated as a single-component gas with an effective particle mass 29.0 u and with effective transport coefficients obtained from independent measurements 37 . For diatomic gases, such as N 2 , O 2 , or air with its major components being N 2 and O 2 , c int is always equal to 1. The shear viscosity η and thermal conductivity κ are known to be independent of pressure 38 (especially for the pressure ranges employed in the present study). However, these transport coefficients are dependent on temperature, following the Sutherland formulas 39 :
and
where η 0 is the reference shear viscosity and κ 0 the reference thermal conductivity, at reference temperature T 0 (normally 273 K) and S η and S κ are called Sutherland parameters. Values for η 0 , κ 0 , T 0 , S η and S κ are adopted from 39 for N 2 , O 2 , and air, and listed in Table I . All Tenti S6 calculations in the present study are based on the transport coefficients derived from these constants, as well as on a value c int = 1 for the internal specific heat capacity.
Another transport coefficient required for the S6 modeling, the bulk viscosity η b , is related to the energy exchanges between the translational and internal (rotational and vibrational) degrees of freedom of molecules through collisions. For mono-atomic gases, it is straightforward to set η b = 0, since there are no internal degrees of freedom 40 . For molecular gases, on the other hand, it must be considered how many internal degrees of freedom effectively contribute to the bulk viscosity. As pointed out by Meijer et al. 41 , the bulk viscosity is determined by the product of ωτ j , where ω is the angular frequency of sound waves and τ j is the relaxation time of the internal mode j. In the extreme case of ωτ j → ∞, the fluctuations resulting in sound waves are so fast that there is no energy transfer between the sound-driven translational motion and the motion of internal mode j, so mode j is frozen and there is a zero contribution to the bulk viscosity. In contrast, if ωτ j << 1, there are sufficient collisions within one wave period to maintain local thermodynamic equilibrium, and the contribution of mode j to the bulk viscosity is frequency-independent. In general cases, however, the bulk viscosity is known as a frequency-dependent parameter. Of course, η b is a temperature-dependent parameter, since at higher temperatures more degrees of freedom will participate in the internal motion of the molecules and the relaxation time for the internal motion are shorter as collisions more frequently happen 42 . Most information about the numerical values of the bulk viscosity η b for diluted gases comes from ultrasound experiments at MHz frequencies 43 . Since the sound frequency in light-scattering experiment is |k s − k i |v ∼ 1 GHz (with k i and k s being the wave vector of the incident and scattered light, and v the speed of sound in the gases), it is questionable whether the values measured at low frequencies can be directly used in the S6 model. Indeed, Pan et al. 21, 32 found a 3 orders of magnitude discrepancy for η b values derived from acoustic (ultrasound) and optical (coherent RBS) experiments for the case of CO 2 . For these studies Pan et al. had proposed that values of the bulk viscosity at hypersonic frequencies can be measured by RB-scattering experiments through comparison between the measured and calculated scattering profiles, for the reason that the bulk viscosity is the only uncertain parameter in the Tenti S6 model. Measurements on spontaneous RB-scattering, also in comparison with the Tenti S6 model, validated the hypersonic η b value for CO 2 33 . This large discrepancy between η b values at ultrasound (MHz) and hypersonic (GHz) frequencies is attributed to the relatively slow relaxation time for vibrational motion of CO 2 at atmospheric pressures, which is τ v = 6 × 10 −6 s. For light scattering experiments, probing the hypersound domain, ωτ v ≈ 1000, so the vibrational modes are frozen and the bulk viscosity is much smaller than the values obtained from sound absorption measurements with ωτ v ≈ 1. Meijer et al. 41 recorded values of η b for various gases at room temperatures using coherent RB scattering at 532 nm, and compared them with the values from acoustic measurements and molecular structure calculations, indicating that for polyatomic gases the values at hypersonic frequencies are generally smaller than at ultrasonic frequencies. Gu et al. extended the study to a range of temperatures 30, 31 using spontaneous RB scattering at 366 nm, demonstrating that the bulk viscosity increases with the temperature, but is insensitive to a change of pressure, at least in the regime up to 3 bar. In the present work values for the bulk viscosity for air, N 2 , and O 2 are derived from spontaneous RB-scattering experiments at 403 nm for a range of temperatures.
III. EXPERIMENTAL Fig. 1 displays a sketch of the experimental setup used for this study, exhibiting the same geometry as the one reported in 44 for RB scattering experiments at 366 nm. Some relevant details on the experimental parameters are FIG. 1 . Layout of the experimental apparatus. The Ti:Sa laser beam, pumped by a 10 W 532 nm Millennia Xs laser, is intracavity frequency-doubled in a Lithium-Borate (LiB3O5 or LBO) crystal, yielding a cw power of 600 mW at 403 nm. The blue laser beam is then directed into a second enhancement cavity for amplification by a factor of 10, in which the RB-scattering cell is placed to ensure a maximum scattering intensity. The polarizing beam splitters (PBS), quarter wave plates (QW), piezo tubes (PZT) and servo loops (SL) are required elements to lock these two cavities. Scattered light is collected at 90
• with respect to the beam direction. The geometrically filtered scattered light is directed onto a FabryPerot Interferometer (FPI), where transmitted photons are detected by a photo-multiplier tube (PMT). A small fraction of the 403 nm light is used as a reference beam for aligning beam paths and for characterizing the detecting system (dashed lines). This reference beam is blocked when measurements are performed. specified in the caption. Due to the significant change of the wavelength (from 366 nm to 403 nm), all optical components are replaced, and the alignment is readjusted.
RB-scattering measurements are performed for various pressures and temperatures in a p − T parameter space following the experimental procedure outlined here. Before each measurement, the scattering cell is charged with one of the sample gases (air, N 2 or O 2 ) to one of the three approximate initial charging pressures, 1000 mbar, 2000 mbar, and 3000 mbar, at room temperature. After sealing the cell, the temperature is set to a designated value, with 0.5 K uncertainty. Hence the pressure of the gas inside the scattering cell is changed and its value is calculated from the ideal gas law. The cell allows for pressure settings of the sample gas between 0 -4 bar with 0.5% uncertainty. The temperature of the sample gas inside the scattering cell can be controlled and stabilized within the range 250 K -350 K. The actual p−T settings for the measurements are listed in Table II . Throughout the paper the wavelength will be referred to as 403 nm, while the exact wavelength is always set in the window λ = 402.99 − 403.00 nm, as measured with a wavelength 
meter (ATOS).
While Rayleigh-Brillouin scattering measurements were intended for a right angles geometry, the actual scattering angles depended on the final adjustment of the alignment of laser-beam and the beam-path of the scattered light. All the initial measurements for 1 bar (in air, N 2 , and O 2 ) were performed for a scattering angle of 91.5
• ± 0.9
• , while for the later measurements at other pressures the scattering was re-adjusted to 90
• . The scattered photons are spectrally resolved by a home-built plano-concave Fabry-Perot interferometer (FPI) that was characterized by scanning the laser over an extended range covering a number of free-spectraranges (FSR), while monitoring the wavelength on the wavelength meter (ATOS). This procedure, further detailed in 44 , delivers an accurate effective value for the FSR of 7553 MHz, when covering a span of 20 modes (see Fig. 2 ). The FSR-scale was used to calibrate the laser scan in a recording of the profile of the spectral profile of an individual transmission fringe, yielding an instrument linewidth of 140 ± 4 MHz, when averaging over multiple calibrations. A high gain photo-multiplier tube (PMT) is used to detect the photons passing through the FPI. The RB-spectral profiles are recorded by keeping the laser frequency fixed, while scanning the FPI with a piezo for a typical period of 3 hours. During such observation a frequency span of 7500 GHz (corresponding to ∼ 100 FSRs) is covered. Measures for correcting the drift of the laser frequency and the FPI are applied, followed by linearizing, averaging and normalizing the ∼ 100 resolved scattering line shapes to area unity 44 . Finally, the normalized scattering profiles are compared with the numerical S6 calculations, performed for the exact measurement conditions, and convolved with the instrument function of the FPI, which is written as:
where f is the frequency, and values of F SR = 7553 MHz and F W HM = 140 MHz are included.
It is worth mentioning that previous measurements reported in [29] [30] [31] suffered from background problems, in that the side wings of the measured scattering profiles were found to be higher than the side wings of the Tenti S6 calculations, even though the dark counts of the PMT and the overlap of the scattering profiles between two FSRs were accounted for. This background was firstly ascribed to broadband fluorescence of the cell windows in 29 , and was later understood as an influence of Raman scattering 31 . In order to investigate the influence of Raman scattering, most of which maintains a large frequency shift from the incident light, a high transmission (90%) narrowband (∆λ = 1 nm) bandwidth filter with its central wavelength at 403 nm is implemented in front the PMT in this study to block most of the Raman scattering. Indeed, it is found that the measurements reported in the present study no longer suffer from Ramanassociated background problems.
To illustrate the sensitivity of the Rayleigh-Brillouin spectrometer in Fig. 3 typical recordings of the RB-profile for the three gases, N 2 , O 2 and air are shown for conditions of 1 bar, room temperature, λ = 403.00 nm and a scattering angle of θ = 91.5
• . While these spectra, all three normalized to unity, correspond to top-lowered Gaussian-like profiles, the shapes are mainly determined by the masses of the constituent molecules through the Doppler effect. Where N 2 has a mass of 28 u, O 2 has FIG. 3 . Measurement of the Rayleigh-Brillouin scattering spectral profiles for N2, O2 and air at 1 bar pressure, room temperature, λ = 403.00 nm and θ = 91.5
• . In the bottom part differences between N2-air (red) and O2-air (blue) are plotted.
32 u, and air may be treated as a species of effective mass 29 u. Indeed the profile for O 2 is narrower and hence exhibits an increased intensity near the line centre, while the profile of N 2 is only slightly broader (and lower in the centre) than that of air. But the differences are still measurable, thus demonstrating the sensitivity of the RB-spectrometer.
IV. MEASUREMENTS AND ANALYSIS
Comprehensive data sets on measurements of spontaneous Rayleigh-Brillouin scattering in air, N 2 , and O 2 at different temperatures and pressures are reported. A choice was made to record spectra for three different initial charging pressures, 1000 mbar, 2000 mbar and 3000 mbar, combined with five different temperature settings at 255 K, 277 K, 297 K, 318 K and 337 K, at intervals of ∼20 K. The conditions under which the data were recorded are listed in Table II . The raw data, after linearization and calibration on a frequency scale, and subsequent averaging, are made available in Supplementary Material to this paper.
Spectral recordings for Rayleigh-Brillouin scattering under different p − T conditions and for the three gases is shown in a series of figures, from Fig. 4 to Fig. 10 , with results from calculations using the S6 model overlaid, and residuals (in percentage of the peak of the scattering profiles) plotted underneath each measurement. Values of the gas transport coefficients implemented in the S6 model, according to Eq. (3) and Eq. (4), are listed in Table II . The bulk viscosity η b at hypersonic frequencies is treated as a unknown parameter, and is derived Table II. from fitting to the subset of experimental data obtained for pressures of 3 bar. Since the bulk viscosity is associated with collisions it has a more pronounced effect at higher pressures. Therefore, the η b values for air, N 2 and O 2 are obtained from spectra recorded at 3 bar, from a least-squares fitting procedure to the S6 model, using 41 :
where I e (f i ) and I m (f i ) are the experimental and modeled amplitude of the spectrum at frequency f i , and σ(f i ) the statistical (Poisson) error 31 . Since it follows from previous studies, that the bulk viscosity exhibits a linearly increasing trend with the temperature 30, 31 , as it is expected from theoretical considerations 42 , values of the bulk viscosity are derived for the different temperature settings for the experiments, for the three different gases. The thus obtained values for the derived bulk viscosities for air, N 2 and O 2 as a function of temperature (for further discussion see below) are employed to interpolate the values for the other settings in p − T parameter space as listed in Table II . Here it is assumed that the bulk viscosities are pressure-independent, and that for S6 calculations at lower pressures (1 bar and 2 bar) the values for η b derived from measurements at 3 bar can be used. For all the measurements shown in Fig. 4 to Fig. 10 , the measurement noise is ∼ 1% of their peak intensity, while the difference between the measurements and the calculations is ∼ 2%, at approximately the same difference as reported in 30, 31 . In previous analyses of RB-scattering at 366 nm the elastic scattering from dust particles (Mie scattering) or scattering from the inner walls of the cell had been identified as sources of deviations at the center of the RB-spectrum 31 . Such effects should appear at widths of 140 MHz, corresponding to the instrument bandwidth, but in fact appear as much broader features in the present spectra. This reduces the possibility of elastic scattering contributing in the present measurements, where indeed special care was taken to avoid dust entering the cell.
Rotational Raman scattering, contributing to ∼ 2.5% of the total cross section, is not considered in the Tenti S6 model, hence could be another possible source for the deviation. However, since a 1 nm bandwidth filter is used for all the measurements presented here, most of the rotational Raman scattering should be filtered out, and indeed the previously detected problems with baseline intensities no longer pertain for the data set recorded at 403 nm. There exists a special form of rotational Table II , while values of η b at different temperatures are directly obtained from the least-squared fit to the S6 model (red curves).
Raman scattering, corresponding to no change of the rotational levels of the gas molecules (i.e. ∆J = 0) but a change of the projection of the rotational angular momentum of the molecules on a space-fixed axis (i.e. ∆m J = ±2) 46 . Such scattering processes should reproduce the entire RB-profile, since no experimental distinction between Rayleigh-Brillouin and elastic Raman scattering can be made based on the spectral profile. Such elastic Raman contributions, however, produce depolarized light, a phenomenon which might be subject of future investigations. Additionally, it is worth noticing that the temperature fluctuations of gases, possibly contributing to some 2% of the scattering intensity, is neglected in making the step from Eq. (1) to Eq. (2) . Also this effect should in first order affect the scattering intensity rather than the RB-spectra profile. • . Experimental data (black dots) are compared with the convolved Tenti S6 model calculations (red line), with the input parameters, η, κ, and η b , listed in Table II .
V. BULK VISCOSITY
Values of bulk viscosity for air, N 2 , and O 2 , derived by comparing the 3 bar measurements to the Tenti S6 model using Eq. (6), are plotted in black, blue, and green points in Fig. 11 , respectively. A clear increasing trend of the bulk viscosity with respect to temperature is detected for all of the three species, which can be explained by the fact that at higher temperatures more degrees of freedom will participate in the internal motion of the molecules and the relaxation time of the internal motion are shorter as the collisions happen more frequently. Uncertainty of this determination includes statistical errors resulting from the noise in the measurements, ±0.9
• scattering angle uncertainty, 0.5% uncertainty in pressure reading, and 0.5 K uncertainty in temperatures. Since all the data are obtained from the same setup with the same systematic uncertainty and similar signal-to-noise ratio, the error margins for all the bulk viscosity determinations are in the same order of magnitude. η b values for air and N 2 are compared with the ones derived previously from a 366 nm RB-scattering setup. Good agreement, within 1σ overlap, is found for both of the species, demonstrating that the bulk viscosities for air and N 2 are insensitive to the small change of hypersound frequency associated with the ∼ 40 nm variation in scattering wavelength. The temperature-dependency of the bulk viscosity can be empirically interpreted in terms of a linear function:
Fitting of Eq. (7) to the values at 403 nm, as shown in Fig. 11 , gives η Values of η b for the gases at lower pressures, which are used as input parameters for the S6 simulations and listed in Table II, Table II , while values of η b at different temperatures are directly obtained from the least-squared fit of the S6 model (red curves) to the measurements.
overall match between the measurements and the model demonstrates that the Tenti S6 model is valid to the same accuracy at the 403 nm wavelength as at 366 nm. Only the resulting values for η b between the 403 nm and 366 nm data for air at 300 K are found to slightly deviate, but still agreeing within 1.5 σ combined error margins.
The present study demonstrates that the values for the bulk viscosity η b for nitrogen, oxygen and air agree within the stated error margins, and can hence be considered as effectively the same. Similarly, the values for shear viscosity η and thermal conductivity κ are also similar, while the internal specific heat capacity c int = 1 for these diatomic molecular species. This means that the macroscopic transport coefficients underlying the RBscattering profiles for air closely resemble those of nitrogen and oxygen. Combined with the fact that the molecular masses of the atmospheric constituents are very close (28 u for N 2 and 32 u for O 2 ), yielding an effective mass of 29 u for air particles, this makes that the RB-profiles For the two measurements on the first row, corresponding to pressures ∼ 1 bar, the scattering angle is θ = 91.7
• , while for the measurements in the lower two rows, the scattering angle is 90.0
of air closely resembles those of N 2 and O 2 , and that the treatment of air as a single species gas with effective particle mass and transport coefficients holds so well.
VI. SIMULATIONS OF RB-SCATTERING FOR LIDAR APPLICATIONS
With the η b -values determined in the previous section and the other gas transport coefficients that can be obtained independently, the Tenti S6 model is proven to be valid within 2% level in a wide range of temperatures, pressures and wavelengths including real atmospheric conditions. The spectral profiles and the comparison with model calculations, shown in Figs. 4 to 10, serve as an illustration. Hence, this model can be directly applied to LIDAR applications for exploring the properties of the atmosphere, such as wind speed profile retrieval or local temperature measurements. Scattering profiles of air at atmospheric conditions in the U.S. Stan- 30, 31 . Only for the cases of RB-scattering in air the uncertainties are explicitly specified. In order to avoid congestion, the error bars for other measurements, being similar to those of air, are not shown. dard Atmosphere model for 180
• scattering angle and 355 nm, the often used scattering geometry and wavelength in LIDAR applications, are simulated and compared with purely Gaussian profiles in Fig. 12 . Here, some typical conditions of p = 533 mbar and T = 255.6 K, corresponding to an altitude of 5 km in the Standard Atmosphere model, and of p = 692 mbar and T = 268.7 K, corresponding 3 km altitude, are chosen. Fig. 12 clearly indicates that even at a height of 5 km in the atmosphere, a simple Gaussian assumption of the scattering profile would result in a 7% error in the peak intensity.
Such deviations had been discussed in studies preparing for the ADM-Aeolus wind LIDAR satellite mission of the European Space Agency, and have now been detailed and further quantified 47, 48 . The Tenti S6 model, invoking the temperature-dependent values for the macroscopic gas transport coefficients including the presently derived values for the bulk viscosity provide a much better algorithm for atmospheric retrieval procedures.
VII. CONCLUSION
A comprehensive study on spontaneous RayleighBrillouin scattering in diatomic gases N 2 and O 2 , and in air is reported. A large number of measurements recorded under different temperature-pressure conditions are compared with calculations based on the Tenti S6 model, yielding good agreement within 2% of peak level intensities. Values for the bulk viscosity are determined at 403 nm and compared with the ones obtained with a 366 nm setup 30, 31 , demonstrating that a slight change in hypersound frequency, associated with a wavelength change of ∼ 40 nm, does not affect the values of η b .
An important conclusion of the present study is that the approximation of air as a single component species with effective transport coefficients and particle mass of 29 u holds well. This is understood from the fact that the gas transport coefficients, bulk viscosity, shear viscosity, thermal conductivity and internal specific heat capacity are all very much the same for air, N 2 and O 2 , while the particle masses are also very similar for the three species. In addition this explains why the Tenti S6 model, developed for single component species, is so well applicable to air.
The 2% deviations between the measurements and the calculations are presently not understood. They may derive from effects of scattering due to temperature fluctuations at constant density, which were not considered in the Tenti S6 model, or be associated with the WangChang and Uhlenbeck linearization, which is a fundamental approximation to derive the Tenti S6 model. Effects of rotational Raman scattering are not likely to have an influence on the RB scattering profile, since it has been filtered out by the 1 nm bandwidth filter. It would be interesting to further investigate depolarization effects induced by Raman scattering.
This study, together with previous ones reported by our group for a different wavelength, verifies that the Tenti S6 model, with the values for the temperaturedependent bulk viscosities determined, is an appropriate basis for atmospheric LIDAR application studies based on Rayleigh-Brillouin scattering.
